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Metallic nanojunctions are realised by separating two metal structures with
an ultrathin spacer, which may consist of molecules, two-dimensional crys-
tals or a vacuum gap. Engineering nanojunctions to support localised plas-
mon resonances boosts light matter interactions and confines electromagnetic
fields to the smallest possible volumes allowed by quantum mechanics. In
this regime, the optical response of the system is governed by poorly under-
stood dynamical phenomena at the frontier between the bulk, molecular and
atomic scales. Here, we report the discovery of ubiquitous blinking of intrinsic
light emission from photo-excited plasmonic nanojunctions of various com-
positions, evidencing the light-induced formation of domain boundaries and
intrinsic quantum confined emitters inside the noble metal. Contrasting with
mechanisms proposed to date to explain surfaced-enhanced Raman scattering
fluctuations in similar systems, this internal atomic scale restructuring of the
metal does not affect the near-field enhancement and scattering spectra of the
plasmonic modes in a measurable way, highlighting a subtle interplay between
atomic and mesoscopic properties of the nanojunction. Moreover, our temper-
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ature and power dependent measurements demonstrate that blinking is not
thermally activated, pointing instead to the key role of optically excited car-
riers and localised electron-lattice interactions in remodelling the metal. Our
findings reveal the unexpectedly rich content of metal-induced light emission
from plasmonic nanojunctions. They provide a path to engineering brighter
nanoscale plasmonic light emitters, suggest new routes to probe metallic inter-
faces at the sub-nanometer scale, and unravel unsuspected instabilities in the
metal lattice induced by photo-excited carriers under weak continuous wave
illumination.
Introduction
Plasmonic nanojunctions formed by ultrathin dielectric spacers between two metals enable
reaching the quantum limits of light confinement at visible and near-infrared frequencies, with
a growing number of applications in molecular science, nanophotonics, quantum optics and
nanoscale optoelectronics (1). By inserting molecules or low-dimensional materials in plas-
monic nanojunctions their intrinsic optical, electronic and vibrational properties can be inves-
tigated with unprecedented sensitivity (2–4). Furtehrmore, they can be strongly modified by
leveraging giant values of the Purcell-factor (5–8), optomechanical coupling rate (9,10) or vac-
uum Rabi splitting (11) – values that typically surpass those of dielectric cavities. The gener-
ation of photo-excited charge carriers inside the metal can be strongly enhanced by the plas-
monic resonance and field enhancement, with potential applications in photo-catalysis (12–14)
and nanoscale light sources (7). Despite remarkable achievements over the past decades in de-
veloping plasmonic nanojunctions as a universal platform to engineer light-matter interaction
at the nanoscale, realization of their full potential is hindered by the limited understanding of
physical processes driven by the tightly confined optical fields at the atomic scale (3,10,15–20).
Moreover, the modification of plasmon damping (21, 22) and charge carrier dynamics (23, 24)
by metal-molecule interfaces and intrinsic grain boundaries (25) can further complicate the un-
derstanding of plasmonic nanojunctions.
Illustrating the emerging opportunities in this field, the efficiency of intrinsic light emis-
sion from a noble metal under optical or electrical pumping can be enhanced by many orders
of magnitudes thanks to the giant Purcell factor provided by plasmonic nanocavities (26–28).
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This plasmon-enhanced metal photoluminescence (PL) enables an increasing number of appli-
cations in imaging and nano-science (29–31). Although its underlying principles are still under
debate (28, 32), it is generally accepted that both interband and intraband transitions in the no-
ble metal contribute to the radiative recombination of photo-excited carriers, with their relative
contributions determined by the bulk band structure (33), the electron-hole pair energy (28),
and the degree of spatial confinement (34). At the meso- to macroscopic scale (∼ 10-100 nm)
involved in the plasmonic response, the band structure of the metal is bulk-like and its optical
response is well approximated by the Drude model. In contrast, at the atomic scale, studies
of metal clusters and nanoparticles below a few nanometers have shown that quantum confine-
ment leads to bright emission from discrete energy states, as well as from metal-ligand hybrid
states (16, 30, 35, 36). To date, these two domains have been largely considered as separate
realms.
In this article, we show that such distinction should be reconsidered. We discover that the in-
trinsic light emission from gold plasmonic nanojunctions generally consists of two components:
(i) a stable light emission baseline, spectrally following the plasmonic resonances and governed
by the bulk metal band structure, and (ii) a hitherto overlooked contribution from quantum con-
fined emitters and crystal defects randomly forming and disappearing near the metal surface
under the influence of photo-excited carriers by the highly confined optical field (Fig. 1A). This
latter process, which results in a fluctuating (i.e. blinking) luminescence and is the focus of
our study, has its origin at the atomic scale, but is made observable thanks to the Purcell effect
provided by the plasmonic modes of the entire junction. The Purcell-enhanced emission from
quantum confined metallic emitters transiently results in sharper linewidths (higher Q-factors)
and much higher quantum yields compared to the bulk hot-carrier emission.
We performed simultaneous measurements of PL, Raman and Rayleigh scattering on single
nanojunctions (Fig. 1B) to prove that the blinking emission occurs without noticeable change
in the near-field nor in the plasmonic resonances. These observations exclude the mechanisms
proposed to date to explain fluctuating surface-enhanced Raman scattering and background
emission in similar systems based on atomically confined fields (10, 15, 18, 19, 37) or modified
plasmon response (20) (cf. Supplementary Material Sec. 3.7 for a more comprehensive com-
parison with previous literature). The stable intensity and frequency shift of Raman scattering
from molecules embedded in the gap also excludes the creation of ionic species by charge trans-
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fer, or the build up of high DC fields across the gap. By studying the blinking statistic under
variable excitation power, and from ambient (∼300 K) down to cryogenic (4 K) temperature,
we also exclude heating by ohmic losses as a possible cause for blinking activation. Finally,
by systematically varying the nanojunction composition, we show that the interaction between
the metal and the spacer material is the dominant parameter impacting the prevalence of PL
fluctuations, and that blinking is always present to some extent.
To accommodate all these findings, we propose that in-situ nanoscale emitters and electron
scattering centers are randomly generated near the metal surface due to atomic restructuring,
in a process triggered by the local interaction of non-thermal photo-excited carriers with the
lattice. We also evidence the role of the metal interface with the spacer material in facilitating
or impeding the formation of blinking emitters.
Beyond the fundamental relevance of our discovery for the understanding of light-matter
interaction in nanoscale cavities, our results open unforeseen opportunities to use this photo-
induced luminescence blinking as a tool for monitoring atomic scale motion and field induced
material restructuring under tight plasmonic confinement. Our findings reveal a novel phe-
nomenology where luminescence blinking is due to metastable configurations of the atomic lat-
tice, instead of fluctuations in the charge state as observed to date in molecular fluorophores and
low-dimensional semiconductors (38, 39). This notably raises interrogations about the validity
of using bulk electronic band structures to model chemical and photochemical interactions at the
surface of plasmonic structures. Our observation also paves the way for engineering the quan-
tum yield, spectrum and stability of plasmonic nano-emitters, or suppressing the background
emission in SERS for improved chemical resolution. Overall, we anticipate that our results
will motivate a new wave of experimental investigations of optically and electrically induced
light emission from plasmonic nanojunctions, with specific attention devoted to metastable and
transient states of emission, and to their relationship with modifications in the carrier relaxation
pathways and the atomic and molecular dynamics near the metal surface.
Results
We fabricated bottom-up plasmonic nanojunctions following the “nanoparticle-on-mirror” ap-
proach (40–43). Starting from a metallic mirror (with thickness > 70 nm), precise control of
the spacer thickness was achieved by self-assembly of a molecular monolayer (44), or by the
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Figure 1: Blinking of metal photoluminescence (PL) in a single nanojunction. (A) Schematic representation
of a nanojunction, made of a gold mirror, a self-assembled biphenyl-thiol monolayer (g ∼1 nm) and a faceted gold
nanoparticle (D ∼80 nm). Middle inset: simulation of electric field distribution in the nanojunction region. Lower
inset: illustration of the luminescent nano-clusters or nano-domains forming under optical forces, which we invoke
as the cause of PL fluctuations shown in D-F. (B) Schematic of the optical setup enabling three simultaneous types
of measurement: PL under 532 nm (VIS) excitation, Raman scattering (R) under tunable near-infrared (NIR)
excitation, and dark-field scattering (DF) under white light (WL) grazing angle illumination. BS: beam-splitter,
LP: long-pass filter, C: camera, S: spectrometer. (C) PL spectrum of a single nanojunction averaged over the entire
duration of panel D (orange curve, normalized by the PL from bare gold substrate) and DF scattering spectrum
of the same nanojunction (grey curve, calibrated by the illumination spectrum). Labeling of the modes is detailed
in Fig. 2G and H. (D) Time series of the normalized plasmon-enhanced PL (the color scale is saturated for better
visibility of weak emission periods). Power density of the 532 nm laser: ∼ 70 µW/µm2, camera exposure time =
0.1 s, numerical aperture: 0.85, room temperature. (E) Individual examples of anomalous emission (referring to D)
deviating from the typical baseline PL emission (shaded blue). (F) Time trace of the maximum PL intensity around
the L01 mode, as marked by orange trace in D. The shaded blue area corresponds to instrument-limited level of
fluctuations, where IPDF is the peak in the intensity probability density function (PDF) and σ is the standard
deviation of the measurement noise at this signal intensity (See Fig. S6).
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transfer of a transition metal dichalcogenide (TMDC) monolayer (42), or by the atomic layer
deposition of an oxide (43) – or by a combination thereof. Subsequently drop-casting nanopar-
ticles of the desired shape and composition (diameter kept at∼ 80 nm in the following) resulted
in the formation of nanojunctions with well controlled metal spacing, and tailored optical reso-
nances dominated by the excitation of localised surface plasmons with large field enhancement
inside the gap (Fig. 1A). In most cases, we encapsulated the final structures in a thin (∼ 5
to 10 nm) aluminum oxide layer for improved long-term stability. Full details about sample
fabrication and characterization are presented in the supplementary material Sec. 1. Overall,
we performed hundreds of PL time trace measurements on individual nanojunctions in more
than 20 different samples with distinct mirror, spacer and nanoparticle compositions. In order
to simultaneously collect vibrational Raman scattering and elastic Rayleigh scattering and to
study the temperature dependence of blinking statistics, we built room-temperature and cryo-
genic multi-functional microscopes for single-particle spectroscopy, as schematically depicted
in Fig. 1B. A complete list of fabricated samples and details of the setups are described in the
supplementary materials.
We present first the results from a nanojunction consisting of a chemically synthesised
gold flake with (111) surface, a self-assembled biphenyl-thiol (BPT) monolayer, and a com-
mercially available colloidal gold nanoparticle (nominal size 80 nm) (Fig. 1). The plasmonic
response of the single nanojunction is first characterised by dark-field (DF) scattering spec-
troscopy (Fig. 1C) using white light excitation from the side at a glazing angle so that specular
reflection from the substrate is not collected by the objective lens (Fig. 1B). The DF spec-
trum exhibits three major features (Fig. 1C). The strong peak in the near-infrared is attributed
to a longitudinal dipolar antenna mode (polarized normal to the substrate) with strong field
enhancement in the gap (labeled L01 in Fig. 1C). Additionally, when the nanoparticle facet
size in contact with the spacer exceeds about 10 nm, the structure supports Fabry–Pe´rot-like
metal-insulator-metal gap modes. These may hybridize with the vertically polarized antenna
modes (45, 46) giving rise to higher-order modes labeled S02 (observed around 620 nm) and
S11 (overlapping with L01 for this particular nanojunction). Finally, around 530 nm, the trans-
verse plasmon mode of the nanojunction (labeled T) can be observed. These attributions are
confirmed by numerical calculations (see Fig. 2G,H).
Efficient excitation of metal PL from the single nanojunction is achieved at a wavelength of
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532 nm, when the photon energy matches optically-allowed interband (d to sp band) transitions
in gold. This energy is also resonant with the transverse mode T, enhancing the absorption
cross-section. The PL emission from a nanojunction (IJunction) is much stronger than the weak
continuum PL collected from the bare metal substrate (IFilm, see Fig. S7), despite the fact that
the area of the nanojunction is at least 500 times smaller than our spot size. After dividing
IJunction by IFilm to eliminate the spectral variations related to the electronic structure of the
metal, we find a qualitative match between the normalized PL and the DF spectra (Fig. 1C).
Here, the PL spectrum is the time-average of the series shown in Fig. 1D. This demonstrates
that PL from the metal is enhanced by orders-of-magnitude due to the combined effect of large
near-field coupling to the nanocavity modes and efficient far-field coupling through the antenna
effect (8).
Unexpectedly, when recorded with a short exposure time (0.1s), the PL time-trace of the
nanojunction features pronounced blinking and spectral wandering (Fig. 1D, see Supplemen-
tary Video 1 for the entire time trace). Closer inspection of PL spectra at selected times (Fig. 1E)
reveals prominent intensity fluctuations of the L01 mode (orange curve) as well as the appear-
ance of randomly-occurring bright PL emission lines around the S02 and S11 modes (green,
red, blue, purple and gray curves). For simplicity we denote by the label ‘ON’ such brighter
events. At all times, we also observe the presence of a persistent baseline emission (labeled
‘OFF’ in the following), which corresponds to the weakest emission of the time series (blue
shaded area in Fig. 1E). This baseline PL is attributed to Purcell-enhanced radiative recombina-
tion of non-thermal excited carriers through both inter- and intra-band processes, as discussed
in previous literature (26–28). The PL peak intensity around the L01 mode (Fig. 1F, orange
curve) exhibits prominent fluctuations lasting from few ms (see Fig. 5) up to few seconds, well
beyond the 3σ interval for the irreducible measurement noise, which includes shot noise and
technical noise (Fig. 1F, blue-shaded are; see details in Fig. S6). We remark that, as discussed
later, prominent PL blinking was also consistently observed at lower temperature (see Fig. 5)
and under 488, 633 and 785 nm excitation wavelengths (see Fig. S8).
To gain further insight into the origin of metal PL blinking, we carefully analyze the spec-
tral wandering and lineshape narrowing that accompany blinking, and study the correlations that
may exist between fluctuations in emission wavelength, intensity and linewidth from different
regions of the full spectrum. Fig. 2A displays another representative time trace with a typical
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Figure 2: Multi-mode blinking: evidence for spatially localized fluctuating sources of emission.
(A) Fluctuating PL time-trace from a nanojunction emitting from the L01 and S02 gap modes. Excitation
power density at 532 nm: ∼ 45 µW/µm2, numerical aperture 0.85, exposure time: 0.1s, room tempera-
ture. (B) Time series of peak PL intensities at the L01 (blue curve) and S02 (orange curve) resonances
along with the Q-factor of the L01 mode (grey-shaded area). (C) Examples of PL spectra with different
Q-factors (as fitted by Lorentzian functions), along with the typical baseline PL spectrum (‘OFF’ state,
blue shaded area). (D, E) Distribution of the PL peak wavelength (D) and intensity (E) (relative to their
time average denoted by brackets) around one resonance vs. the other, showing no correlations. (F)
Distribution of relative PL intensity vs. Q-factor for the L01 emission, showing a positive correlation.
Individual spectra from C are highlighted with black, red and blue circles. (G, H) Full-wave simulation
(finite-element modelling) of the optical response of a faceted nanojunction. (G) Based on the surface
charge distributions taken at resonance, the modes are identified as the lowest frequency Fabry–Pe´rot-like
transverse cavity mode S11, the dipolar bonding antenna mode L01 and the higher-order cavity mode
S02, respectively (46). These modes feature distinct spatial distributions of their local photonic density
of states (PDOS), which result in different far-field emission spectra (solid lines in H, offset for clarity)
when a radiating point dipole is placed at the different locations shown by color-coded full circles in G.
The yellow-shaded area in H corresponds to the calculated DF spectrum.
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multi-peak PL, with baseline (‘OFF’, blue shaded) and selected ‘ON’-state spectra shown in
Fig. 2C. For each mode, we track the wavelength of maximum PL (λL01 and λS02), the peak in-
tensity (IL01 and IS02) and the linewidth (expressed here in term of Q-factor, with QL01 shown
as shaded area in Fig. 2B). A first result of this analysis is that no significant (anti-)correlations
exist between the peak wavelengths λL01 and λS02 (Fig. 2D), nor between the normalised peak
intensities IL01 and IS02 (Fig. 2E). This is a clear indication that any model relying on the mod-
ification of the entire, mesoscopic plasmonic response would fail to explain our observations.
In contrast, we observe a clear positive correlation between the relative increases of emission
intensity (IL01/〈IL01〉) vs. Q-factor (QL01/〈QL01〉, Fig. 2F). This means that the higher the
blinking intensity, the narrower the effective PL linewidth. From the point of view of traditional
mechanisms proposed so far to describe plasmon-enhanced light emission from a metal, this is
rather difficult to rationalize. Indeed, an increase in Q-factor together with increased radiation
rate would reflect a reduction of the nonradiative plasmonic losses, and we are not aware of
any mechanism leading to such drastic variations over sub-second time scales. All observations
suggest instead that an atomic-scale mechanism is causing PL blinking.
To check if fluctuating point-like emitters could yield such a behavior, we implemented
full-wave simulations of a nanojunction consisting of a 80 nm Au nanoparticle with facet size
d = 40 nm on a Au mirror with spacer thickness g = 1.3 nm (Fig. 2G, see details in supple-
mentary material Sec. 4). Under the same illumination and collection geometry as used in the
DF measurement, the simulated scattering spectrum (shaded yellow curve in Fig. 2H) matches
our experimental data. Three localized gap plasmon modes S02, L01 and S11 can be identified
from their distinctive charge distributions (middle 3 panels in Fig. 2G). To emulate a randomly
generated point-like emitter, we use a broadband, vertically oriented electric dipole placed on
the metal surface at three different positions (blue, red and black dots in 3 bottom panels of
Fig. 2G). Different radiation enhancements, determined by local photonic densities of states
(PDOS) and radiation angular distribution, are thus probed depending on the overlap between
the emitter position and the field distributions of the different gap modes (Fig. 2H). From these
simulations, we infer that spatially localized fluctuations in PL quantum yield are consistent
with uncorrelated intensity fluctuations in different modes (Fig. 2E). However, this toy model
assumes that the PL spectrum is governed by the local PDOS only; it fails to explain the mag-
nitude of wavelength fluctuations (Fig. 2D) and changes in linewidth (Fig. 2F) that we observe
9
in some instances, in particular for thiol-functionalised gold substrates.
Discussion
To accommodate all these observations, we propose that bright emission centers, consisting of
nanoscale metallic domains and/or metal atom clusters, are being formed in the metal surface
layer during laser irradiation. Their optical transitions are dominated by quantum confined
electronic states within the s− p band of gold (30, 35, 36) (possibly hybridized with electronic
states of the spacer material, in particular through their sulfur atoms). This model is fully
consistent with the results shown in Fig. 2A-F: isolated gold clusters or very small nanoparticles
(16, 30, 35, 36) are capable of generating PL emission with a wide range of quantum yields,
lifetimes and center wavelengths (covering visible and near-infrared), determined by their size
and metal-ligand interaction. In our structures, the plasmonic modes provide a large Purcell-
enhancement (Fig. 2G,F) which makes the blinking emission predominantly visible at or around
the plasmonic resonances observed in DF and in the baseline PL. Moreover, if we attribute
the brightest emission periods to quantum-confined states in nano-clusters, their linewidths are
expected to be narrower than that of the plasmon, as we do observe (Fig. 2C,F).
A related mechanism is the formation of new grain boundaries and other localised lattice
defects, which can scatter electrons and are thus expected to relax wave-vector conservation,
leading to a local increase in intraband radiative recombination rate (34) – but without reduc-
tion in emission linewidth nor shift in emission wavelength. This mechanism explains well
the intensity blinking we observe in all constructed nanojunctions, irrespective of their surface
chemistry and spacer material (See Fig. S12 and S13). For completeness, we mention that the
formation of charge transfer states (22) or surface dipoles (21) has been shown to increase the
electron scattering rate, possibly providing an alternative or complementary explanation for PL
blinking.
In contrast to predictions from existing models proposed to explain fluctuations in surface-
enhanced Raman scattering (10, 15, 18) and background emission in plasmonic nanojunctions
(20) (a more comprehensive literature review is provided in the Supplementary Material, Sec.
3.7), we cannot attribute the PL blinking to fluctuations of field enhancement inside the gap, or
to changes in the plasmonic response, as we now demonstrate. To obtain an independent probe
of the local field enhancement, while simultaneously monitoring PL blinking, we performed
10
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Figure 3: Blinking PL with stable plasmon-enhanced Raman spectra. (A) Time series of emission
spectra acquired under dual excitation with 532 nm and 750 nm laser beams (first 120 s) with respec-
tive power densities ∼ 200 µW/µm2 and ∼ 10 µW/µm2, and then with 750 nm excitation alone (after
120 s). Camera exposure time = 1 s; numerical aperture: 0.95; room temperature. Color scale is sat-
urated for better visibility of the fluctuations. (B) Time series of the PL intensity (cf. IPL in C) and
PL-subtracted Raman intensity (cf. IR in C), normalized by their respective time-averages (〈IPL〉 and
〈IR〉). (C) Example of individual Raman+PL spectra (blue and orange curves) and time-averaged Raman
spectrum under 750 nm excitation alone (120 to 180 s, gray area). The green and red-substituted points
on the blue curve highlight how IPL and IR are defined.
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two-tone excitation with both a 532 nm laser to efficiently generate PL, and with another con-
tinuous wave laser tuned at 750 nm so that the Stokes vibrational Raman signal from the BPT
molecules embedded in the gap is resonant with a near-infrared plasmonic mode (Fig. 3). If
blinking were caused by fluctuations in local field enhancement, such fluctuations would be
reflected, at least in part, on the Raman signal (10, 15, 18, 42). As a representative exam-
ple, Fig. 3A shows time series of the Raman+PL (first 120 s) and sole Raman spectra from
a nanojunction, with selected Raman+PL and time-averaged Raman (last 60 s) spectra shown
in Fig. 3C. Remarkably, the fluctuations of the Raman signal (IR, Fig. 3C) remain within the
irreducible measurement noise, while much more pronounced fluctuations of the underlying PL
emission (IPL, Fig. 3C) are observed, as shown in Fig. 3B. This measurement (which was re-
peated on many nanojunctions with the same result) provides strong evidence that the near-field
enhancement and thereby the local density of photonic states remains stable during PL blinking.
This is in stark contrast with previous observations of fluctuating Raman scattering, e.g. (2,19).
The measurement also excludes possible mechanisms that can be sensitively probed by Raman
process, including carbon contamination, chemisorption (15), adsorbate-metal charge transfer
and charging effects (37) (see detailed discussion in supplementary material Sec. 3.7).
We also occasionally observe the appearance of many new Raman sidebands, with inten-
sities more than ten times above the normal Raman signal (see Fig. S9). Recent reports have
invoked the formation of ‘picocavities’ (10, 18) to explain such events, which are proposed to
be related to metal protuberances causing atomic scale confinement of light. Our measurements
show that PL blinks independently of such unusual Raman events, confirming that they a new
mechanism is at play during PL blinking.
Next, we design an experiment to verify that the DF scattering spectrum, which sensitively
depends on nanoparticle shape and gap size (1, 45), remains stable over time under green light
excitation while PL blinks (Fig. 4 and Supplementary Video 2). Figure 4A shows spectral time
series from a single nanojunction under sequential illuminations with 532 nm laser alone; to-
gether with white light; and with white light alone. To allow quantitative comparison between
the DF and PL fluctuations we plot the probability density functions (PDFs) of the L01-related
peak intensity (Fig. 4B) and peak wavelength (Fig. 4C). While the PL features strongly fluctu-
ating intensity and peak wavelength, the elastic scattering of white light is highly stable, even
when the laser is simultaneously exciting the nanojunction (PL+DF in Fig. 4A). Therefore, we
12
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away from the value of 1 to show it clearly. Experimental parameters: objective numerical aperture = 0.8;
laser power density ∼ 45 µW/µm2; white light is p-polarised; exposure time = 1s, room temperature.
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conclude that rapid changes in nanoparticle shape or gap morphology cannot be the cause of PL
blinking. Similarly, the model proposed in (20), which invokes defects in the metal that alter the
plasmonic resonance, also fails to agree with our measurements, since it predicts fluctuations
of the elastic scattering spectrum correlated with brighter emission. Additionally, the stable
plasmonic response in our system also excludes the appearance of quantum-tunnelling-induced
charge transfer plasmons, electro-luminescence of which was used to explain the broadband
fluctuations (15).
Finally, we turn our attention to the possible mechanism(s) for the formation and disappear-
ance of the localized emitters responsible for blinking. We measured PL as a function of sample
temperature and laser power (Fig. 5). To obtain a larger temporal dynamic range, we employed
a single photon counting module (behind suitable filters to select emission from one plasmonic
mode, see the inset of Fig. 5A). Figure 5A shows the time series of the emission intensity from
a single nanojunction at a sample temperature varying from 4 K up to room temperature, where
the measured counts are summed into 1 ms time bins. From the enlarged view (Fig. 5B) we
clearly identify the stable baseline (‘OFF’) PL intensity together with much brighter (‘ON’)
events, many of them lasting for few milliseconds only. Even though Fig. 5A displays more fre-
quent bright events at low temperature, we could not confirm any general relationship between
the sample temperature and the blinking statistics in the range of 4 K to 300 K, as illustrated
in Fig. S10 by measurements performed on a larger number of nanojunctions. Consequently,
we can reject the hypothesis that the generation of localised emitters is thermally activated –
even though longer lasting bright events seem more likely to be observed at lower temperature,
suggesting that the relaxation to the ‘OFF’ state may have a thermal component. Multi-physics
simulations (see Fig. S15) confirm this conclusion by showing a rise in temperature due to laser
illumination of a few Kelvin only – negligible compared to the variation of bath temperature
explored in Fig. 5A and B.
In Fig. 5C and D, we measure the emission statistics as a function of excitation power for
a fixed sample temperature (295 K). We find that blinking is hardly observable at the lowest
excitation intensities (below∼ 10 µW/µm2), where only stable baseline emission is observable
(which is well above the dark count level), with fluctuations barely exceeding the irreducible
measurement noise (blue area in Fig. 5C). In contrast, as the laser intensity is increased, PL
blinking is activated and becomes more pronounced and frequent, as illustrated by the power-
14
0 600 1200 1800 2400 3000 3600 4200 4800
Time (s)
0
10
20
30
40
50
  I
PL
 (c
ts
 
W
-1
m
2 )
C D
6.25 m-2W 
12.5 
25 
37.5 
50 
62.5 
100 101 102 103 104
Lag time (ms)
0
0.05
0.1
0.15
0.2
 g
(2
) (
) -
 1 6.25 
25 
62.5 m-2W 
A
B
4 K
50 K
150 K
295 K
3 ms13 ms6 ms
42 ms
54 ms29 ms
Meas. noise
0 10 20
10-2
10-1
100
N
or
m
. P
D
F
IPL /
1566 1567 1568 1569 1570 1571
Time (s)
0
5
10
15
  I P
L 
(c
ts
 
W
-1
m
2 )
600 700 800
Wavelength (nm)
0
5
10
15
  I
PL
 (c
ts
 
W
-1
m
2 )
Figure 5: PL blinking as a function of laser power and sample temperature. (A) Temperature
dependent time series of PL intensity from a nanojunction, with the time-averaged PL spectrum shown in
the inset. The PL signal was measured by a single photon counting module after spectral filtering (inset).
Binning time, 1ms. Excitation power density: ∼ 50 µW/µm2. (B) Enlarged view of A revealing shorter
blinking events. More data presented in Fig. S10 suggests that no clear relationship exists between
temperature and blinking statistics. (C) Probability density functions (PDFs) of peak PL intensity as
a function of excitation intensity (room temperature), plotted against the re-scaled intensity δIPL/σ to
enable comparison. Here δIPL represents the PL intensity deviation from the peak of the PDF; σ is the
standard deviation of the measurement noise at this signal level. The PDFs are all centered around the
averaged PL of the ‘OFF’ state and normalized to the respective measurement noise (blue area). The
corresponding time series can be found in the Fig. S11. (D) Autocorrelation function of the PL intensity
trace at different excitation intensities, evidencing increased fluctuations at higher laser powers.
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dependent probability density functions (PDFs) plotted in Fig. 5C. These observations are con-
firmed by computing the autocorrelation (Fig. 5D) of the PL intensity traces under different
laser powers, evidencing a higher level of PL fluctuation at higher laser powers.
The last key observation is that blinking is much more likely to be activated under 532 nm
excitation than at longer wavelength beyond 600 nm (cf. Fig. S8). It is even possible to activate
blinking with temporary 532 nm illumination, and see the persisting increased level of back-
ground luminescence probed by a near-infrared laser immediately afterward (see Fig. S17).
While we cannot exclude the role of near-field optical forces acting within the nanojunction
(17, 47, 48), this observation points to the key contribution of photo-excited electron-hole pairs
in inducing the lattice restructuring, since 532 nm is close to the onset of interband absorp-
tion in gold. Previous studies of metals under pulsed laser excitation have demonstrated the
existence of a “blast force” due to non-equilibrium electrons, which may deform the metal lat-
tice (49). More theoretical work must be performed to determine whether a similar force can
be relevant under weak continuous wave excitation of nanoscale plamonic cavities. Based on
simulations (Fig. S16) we estimate that on the order of one photon per picosecond is absorbed
by the nanojunction under typical excitation powers used here. Alternatively, we suggest that
existing defects, grain boundaries or surface interaction with the spacer material, together with
the extremely localised absorption region near the nanojunction, may enhance the probability
for a local transfer of energy between non-thermal carriers and the lattice – via a mechanism
that could share similarities with electromigration induced by DC currents (50). In this way, an
energy as large as 2.4 eV per photon may be transferred to the lattice on the atomic scale.
Before concluding, we emphasize that blinking appears to be very general and could be
observed consistently in many different samples. We investigated the impact of nanojunction
composition on blinking by fabricating and characterizing more than 20 different types of nano-
junctions, as summarized in Table S1, Fig. S13 and S14. We systematically changed the sub-
strate type, the spacer layer, and the nanoparticle material and shape, while maintaining similar
plasmonic resonance frequencies and mode volumes. A general conclusion can be drawn from
these measurements: while the molecules alone are not causing the photoluminescence, the
magnitude and prevalence of PL blinking are indeed strongly influenced by the spacer mate-
rial and metal surface chemistry (in particular on the substrate side). This could happen for at
least two reasons: First, the stability and mobility of surface metal atoms depend on their direct
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environment, with molecular groups such as thiols perturbing the atomic arrangement in their
vicinity and possibly facilitating light-induced restructuring. Second, molecules surrounding
the metal can alter its local electron density via charge transfer (21, 22), and this in turn could
be a factor favoring electron-lattice scattering near the surface.
***
In conclusion, we discovered a new phenomenon, the intrinsic photoluminescence (PL)
blinking from plasmonic nanojunctions with various compositions. This systematic behavior is
activated by the excitation laser and persists from room temperature down to 4 K. Bright PL
events last from sub-milliseconds up to minutes at low temperature and can also feature sharper
linewidths and fluctuating wavelengths. This contrasts with the nanojunction’s baseline emis-
sion, its plasmonic response and local field enhancement, all of which remain stable while PL
blinks. These observations can be well explained by the proposed model: metastable localized
quantum confined emitters and electron scattering centers are photo-induced near the metal sur-
face, and the fluctuating emission is enhanced by near-field coupling to the plasmonic antenna
modes. The energy responsible for this lattice restructuring is not of thermal or ohmic origin;
instead, it is deposited during the ultrafast relaxation of non-thermal photo-excited carriers.
This rich physics occurs under weak continuous wave excitation at tens of microwatts incom-
ing power only, demonstrating the dramatic effect of plasmonic confinement on carrier and
lattice dynamics in nanojunctions. Our results open a whole new area of studies in plasmonic
nanojunctions, involving phenomena at the interface between the atomic and mesoscopic scale.
Moreover, our findings raise questions regarding the microscopic mechanisms governing light
emission from plasmonic nanojunctions, impacting their applications as nanoscale emitters. Fi-
nally, our work demonstrates that gap plasmons form the basis for new classes of materials
whose optoelectronic properties are strongly modified by atomic-scale phenomena driven by
non-thermal carriers.
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